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INTRODUCTION
In planning lower extremity arterial reconstruc-
tion procedures, the gold-standard preoperative test
remains conventional (with or without digital-sub-
traction) arteriography (CA). The test is, however,
costly and not without risk. In addition, CA has its
own inherent imaging limitations. The technique of
color-flow duplex ultrasound arterial scanning
(DUSAS) has been investigated as an alternative to
CA.1 DUSAS is performed by interrogating the
entire arterial system (aorta to pedal vessels) of an
affected limb using color-flow enhanced ultrasound
technology to identify vessels and Doppler ultra-
sound to sample velocity changes in areas of sus-
pected flow disturbance.
Several studies have compared lower extremity
DUSAS with CA.2–6 Although some have ques-
tioned the diagnostic accuracy of DUS in precisely
defining the extent of lower extremity occlusive dis-
ease,7 others have found DUS arterial scanning to be
both highly sensitive and specific in defining arterial
stenoses and occlusions when compared with CA.2–6
Despite its widespread applicability in the evalua-
tion of occlusive vascular disease of various other arte-
rial beds,8 the role of DUS in the evaluation of
infrainguinal arterial occlusive disease remains impre-
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cisely defined. To more accurately characterize the
utility of infrainguinal DUSAS, we designed a
prospective study comparing the abilities of DUSAS
and CA in planning operative strategies for patients in
need of infrainguinal reconstruction for SVS/ISCVS
grade II or III chronic lower extremity ischemia.9
PATIENTS AND METHODS
Study design
The basic principles of lower extremity revascu-
larization are to assure adequacy of arterial inflow to
the level of the proximal femoral vessels and to define
a target vessel for distal bypass that, depending on
the constellation of symptoms, provides optimal per-
fusion of the distal limb. 
In that regard, the goal of this prospective study
was to assess the ability of predicting operative strate-
gies for patients with critical limb-threatening
ischemia by means of duplex arterial scanning. The
study was not designed to determine the diagnostic
accuracy of duplex in defining precise degrees of arte-
rial stenoses or for the calculation of the sensitivity
and specificity of duplex relative to conventional
angiography. Our goal was to define inflow and tar-
get vessels that would satisfy the basic principles
required for limb salvage, as stated, and to determine
if DUSAS was comparable to CA in doing so.
Patients with limb-threatening ischemia (SVS/
ISCVS grade II/III) who were undergoing evalua-
tion for lower extremity revascularization were
enrolled in this study. All patients were operative
candidates. Each patient underwent lower extremity
DUSAS of the affected limb(s) to assess adequacy of
arterial inflow and to determine a distal target for
bypass. Based on the DUSAS, an operative plan was
formulated and recorded (eg, aortofemoral bypass,
femoral-to-below knee popliteal bypass, femoral-to-
posterior tibial bypass). Each patient subsequently
underwent a conventional lower extremity angio-
graphic study. Based on the CA study, an indepen-
dent operative plan was formulated and recorded,
blinded to the DUSAS data. The actual operation
performed on each patient was the standard with
which the preoperative revascularization strategies
formulated by DUSAS and CA were compared. 
The arterial reconstruction strategies were based
on standard vascular surgical principles. Inflow was
assessed, and, if inadequate, an inflow procedure was
planned. Aortic inflow was considered superior to
extra-anatomic bypass for bilateral iliac disease. Iliac
angioplasty or femorofemoral bypass (if the con-
tralateral iliac was acceptable for inflow) were consid-
ered appropriate for unilateral iliac disease. If com-
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mon femoral artery (CFA) disease was detected, a
CFA endarterectomy with profundaplasty was
planned. If no inflow disease was detected, an out-
flow procedure was planned. The distal target vessel
was determined by identifying the proximal most
extent of a vessel with continuous, unobstructed flow
to the foot. A diameter reducing stenosis of ‡ 50%, as
detected by means of either DUSAS or CA, was con-
sidered hemodynamically significant and prompted
interrogation of the more distal vasculature for a tar-
get site. The below knee popliteal artery was the tar-
get of choice, if patent with at least one vessel run off.
If the popliteal artery was not suitable for bypass and
more than one tibial vessel was suitable, the posteri-
or tibial artery was chosen preferentially over the
anterior tibial or peroneal arteries. The pedal arteries
were selected as target vessels if none of the proximal
tibial arteries were suitable for bypass. If no target
vessels suitable for distal bypass were identified by
means of either imaging modality, the planned oper-
ation was classified as “no bypass/amputation.” 
All patients had adequate veins to perform distal
bypass, and as such, the choice of conduit did not
factor into the formulation of a surgical strategy.
Patient population
During an 11-month period at the Wake Forest
University School of Medicine, 40 extremities in 36
consecutive patients were prospectively enrolled in
the investigational protocol outlined above (Table
I). Standard lower extremity noninvasive evaluations
Table I. Patient demographics
Total Patients 36
Mean age (in years) 65 (range, 31–88)
Sex
Male 24 (66%)
Female 12 (33%)
Risk factors*
Smoking 27 (75%)
Hypertension 21 (58%)
Diabetes 18 (50%)
Hyperlipidemia 13 (36%)
Combination 36 (100%)
Clinical manifestations (SVS/ISCVS grade)
Rest pain (II) 31 (86%)
Tissue loss (III) 23 (64%)
Combination (II/III) 36 (100%)
Mean ankle-brachial index (range)† 0.35 (0–0.61)
Comorbid illness
Coronary artery disease 14 (39%)
Chronic renal insufficiency 6 (17%)
Cerebrovascular disease 4 (11%)
*Three patients had a diagnosis of hyperhomocysteinemia (not all
patients underwent assay). 
†Non-compressible vessels excluded from calculation.
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with segmental blood pressures, pulse-volume
recordings, and ankle-brachial indices (ABI) were
obtained. All patients had SVS/ISCVS grade II
and/or III (rest pain and/or tissue loss) chronic
lower extremity ischemia.
All patients underwent a thorough history and
physical examination. In addition, rigorous preoper-
ative screening was performed to assess cardiac, res-
piratory, cerebrovascular, hematologic, and renal risk.
Imaging modalities
Color-flow duplex arterial scanning. The
lower extremity DUSAS procedures were performed
by a registered vascular technologist in the Clinical
Vascular Laboratory at the Wake Forest University
School of Medicine using an ATL HDI 3000 Color
Doppler Ultrasound Scanner (Bothell, Wash) with
high-resolution linear and curved array transducers
(linear 5.0 MHZ; compact linear 5.0/10.0 MHZ;
curved array 4.3 MHZ). As previously described,1
arterial interrogation of the entire affected limb(s),
from aorta to the pedal vessels, was performed to
assess the adequacy of inflow and the presence of a
target vessel suitable for distal bypass (ie, a vessel
with continuous flow to the foot without evidence
of flow disturbance by pulsed Doppler sampling).
Although extensive DUSAS of all lower extremity
vessels was performed, no attempt was made to
define precise degrees of stenosis in each segment of
artery studied. The goal was to assess the adequacy
of arterial inflow and determine a target site for dis-
tal bypass in order to define an operative strategy.
Color-flow imaging technique was used to visualize
the vessel under study, and velocity measurements
were made by pulsed Doppler at 1 cm intervals and
at areas with obvious disturbances in color-flow char-
acteristics. The criteria for defining hemodynamically
significant arterial stenoses by duplex have been pre-
viously described.2,3,5,6,10,11 A diameter-reducing
stenosis of ‡ 50% was considered hemodynamically
significant and was defined by a two-fold increase in
peak systolic velocity (PSV) relative to a normal seg-
ment of artery immediately proximal to the stenosis.
Vessels were graded in 1 of 3 ways: patent without
stenosis; patent with stenosis; or occluded (Table II).
A grade of patent without stenosis was given to any
vessel displaying no or only minor disturbances in
color-flow characteristics and no stenoses of ‡ 50%. A
grade of patent with stenosis was assigned to any ves-
sel displaying moderate or severe disturbances in
color-flow characteristics and a stenosis of ‡ 50%. A
grade of occlusion was assigned to a vessel if it was:
(1) identified more proximally and subsequently dis-
played a loss of enhancement by color-flow duplex
and an absent Doppler signal; (2) not identified (par-
ticularly in the infrageniculate region) in an area rel-
ative to its normal anatomic location; and/or (3) not
interrogated because of wounds or patient intoler-
ance (by definition these vessels were considered
occluded and could not be used in operative predic-
tions). Only vessels graded as patent without stenosis
were considered adequate inflow sources or target
sites for distal bypass. 
At the completion of the arterial scan, the vascu-
lar technologist generated a comprehensive report of
all arterial interrogations, detailing potential vessels
for both distal bypass, the presence of inflow disease,
or both. The director of the vascular laboratory
reviewed the results of this report, and an operative
strategy was generated and recorded.
Table II. Grade of arterial lesions defined by means of DUSAS and CA
Criteria
Grade DUSAS CA
”Patent without stenosis” No or minor disturbances in color-flow No stenosis ‡ 50% diameter reduction
No stenosis ‡ 50% diameter reduction*
“Patent with stenosis” Moderate to severe disturbances in color flow Any stenosis ‡ 50% diameter reduction
Any stenosis ‡ 50% diameter reduction
“Occluded” Identified proximally with distal loss of color-flow/no Identified proximally with distal loss of
Doppler signal contrast enhancement
Not identified in area relative to normal anatomic Not identified in area relative to normal
location anatomic location
Not able to interrogate because of wounds or patient Not identified with delayed-acquisition 
intolerance† DSA to the point at which contrast
wash-out occurred
*‡ 50% stenosis was considered hemodynamically significant and was defined by an increase in PSV of two-fold relative to PSV at a 
normal segment of artery immediately proximal to the stenosis. 
†By definition, these arteries were considered occluded and could not be used in the formulation of the operative strategy.
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Conventional arteriography. All angiograms
were performed by a dedicated team of interven-
tional radiologists. A combination of cut-film and
intraarterial digital subtraction techniques were used
to acquire angiographic data; all patients underwent
intraarterial, nonionic contrast infusion. With the
infusion catheter positioned immediately below the
renal arteries, anteroposterior (AP) and lateral aortic
images were obtained with a single bolus of contrast.
A second bolus of contrast was used for AP and
oblique pelvic projections. Stationed imaging of the
infrainguinal arterial anatomy was performed with a
third contrast bolus. When no distal vessel was iden-
tified as a target, the infusion catheter was reposi-
tioned to facilitate selected study of the affected
extremity. Digital subtraction angiography (DSA)
Table III. Comparison of operations predicted by means of DUSAS and CA, relative to actual operation
performed
Operative prediction Actual operation Agreement
Case DUSAS CA DUSAS CA
1 ABF NBP/amp ABF + –
2 Fem-AT CFAend/PFP/Fem-AT CFAend/PFP/Fem-AT – +
3 Fem-bkPOP Fem-bkPOP Fem-bkPOP + +
4 NBP/amp NBP/amp BKA + +
5 NBP/amp NBP/amp NOM + +
6 POP-DP POP-DP POP-DP + +
7 Fem-AT Fem-AT Fem-AT + +
8 Fem-PT PTA-TPT PTA-TPT – +
9 Fem-PT Fem-PT Fem-PT + +
10 NBP/amp Fem-PT Fem-PT – +
11 Fem-bkPOP Fem-bkPOP Fem-bkPOP + +
12 NBP/amp NBP/amp NOM + +
13 NBP/amp Fem-PT Fem-PT – +
14 Fem-DP Fem-AT Fem-DP + –
15 Fem-PT Fem-PT Fem-PT + +
16 Pop-DP Pop-DP Pop-DP + +
17 Pop-DP Pop-DP Pop-DP + +
18 Fem-AT Fem-AT Fem-AT + +
19 Fem-PT Fem-PT Fem-PT + +
20 NBP/amp NBP/amp BKA + +
21 Fem-fem Fem-fem Fem-fem + +
22 Fem-per PTA-CIA/Fem-per Fem-per + –
23 Fem-AT Fem-AT Fem-AT + +
24 Fem-PT Fem-PT Fem-PT + +
25 Fem-AT Fem-AT Fem-AT + +
26 Fem-PT Fem-PT Fem-PT + +
27 Fem-AT Fem-AT Fem-AT + +
28 Fem-per Fem-per Fem-per + +
29 NBP/amp NBP/amp AKA + +
30 NBP/amp NBP/amp BKA + +
31 Fem-AT Fem-AT Fem-AT + +
32 PTA-CIA PTA-CIA PTA-CIA + +
33 Fem-bkPOP CFAend/PFP CFAend/PFP – +
34 Fem-PT Fem-PT Fem-PT + +
35 Fem-PT CFAend/PFP CFAend/PFP – +
36 Fem/PTA-POP* Fem/PTA-POP PTA-POP + +
37 Fem/PTA-POP Fem/PTA-POP PTA-POP + +
38 Fem-bkPOP Fem-bkPOP Fem-AT – –
39 Fem-bkPOP Fem-bkPOP Fem-bkPOP + +
40 POP-PT POP-PT POP-PT + +
Number of operations correctly predicted 33 36
Percent correct 83% 90%
(95% CI; range) (77%–89%) (81%–99%)
CIA=common iliac artery; FEM=femoral artery; POP=popliteal artery; TPT=tibioperoneal trunk; PT=posterior tibial artery; AT=ante-
rior tibial artery; per=peroneal artery; DP=dorsalis pedis artery; bk=below knee; ABF=aortobifemoral bypass; Fem-fem=femorofemoral
bypass; PTA=percutaneous transluminal angioplasty; CFAend=common femoral endarterectomy; PFP=profundaplasty; AKA=above knee
amputation; BKA=below knee amputation; NBP/amp=no bypass possible/amputation; NOM=nonoperative management
*Possibility of either Fem-POP bypass or POP-PTA.
was used in a prolonged data acquisition mode until
an outflow target was visualized or contrast wash-
out occurred. All vessels were graded in a fashion
similar to DUS arterial scans: patent without steno-
sis, patent with stenosis, or occluded (Table II). A
grade of patent without stenosis was assigned to any
vessel displaying no or only minor diameter reduc-
tions (<50%). A grade of patent with stenosis was
assigned to any vessel displaying moderate or severe
diameter reduction (>50%) relative to normal native
arterial diameter. A grade of occlusion was assigned
to a vessel if it was: (1) identified more proximally
and subsequently displayed a loss of contrast
enhancement; (2) not identified in an area relative to
its normal anatomic location; and/or (3) not identi-
fied with delayed DSA image acquisition to the
point at which contrast wash-out occurred. By defi-
nition, only vessels graded as patent without steno-
sis were considered adequate inflow sources or tar-
get sites for distal bypass. 
All CA studies were reviewed by a staff vascular
surgeon (JL) in conjunction with the interventional
radiologist performing the procedure. The operative
strategy for each patient was formulated and record-
ed, blinded to the DUSAS results. 
Data analysis. Statistical analysis was performed
in conjunction with the Biostatistical Consulting
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Service in the Department of Public Health Sciences
at the Wake Forest University School of Medicine.
Operations predicted by means of DUSAS and CA
relative to the actual operation are listed in Table III.
The proportion of correct operations predicted by
means of each test was calculated. Based on these
calculations, the McNemar test12 for comparing cor-
related proportions was applied to test for the statis-
tical significance of the difference between correct
operations predicted by means of DUSAS and cor-
rect operations predicted by means of CA. A statisti-
cally significant difference was defined as a P-value
of <.05. Separate 95% confidence intervals (CI) were
calculated for the proportion of operations correctly
predicted by DUSAS and CA, respectively.
RESULTS
Thirty-six patients with grade II/III chronic
lower extremity ischemia undergoing evaluation for
40 limb-salvage revascularization procedures were
enrolled in this study (Table IV). Based on clinical
data and imaging studies, we performed 34 revascu-
larizations, 4 amputations, and 2 nonoperative treat-
ments. Five inflow procedures alone were performed
in 5 patients with grade II ischemia: aortobifemoral
bypass (1); femorofemoral bypass (1); common iliac
artery balloon angioplasty (1); and common femoral
endarterectomy/profundaplasty (2). One combined
inflow and infrainguinal revascularization was per-
formed in a patient with grade III ischemia: com-
mon femoral endarterectomy/profundaplasty and
femoral-to-anterior tibial bypass. Twenty-eight
infrainguinal procedures alone were performed in 24
patients: femoral-to-below-knee popliteal (3);
femoral-to-posterior tibial (8); femoral-to-anterior
tibial (7); femoral-to-peroneal (2); femoral-to-dor-
salis pedis (1); popliteal-to-pedal (4); tibioperoneal
trunk angioplasty (1); popliteal angioplasty (2).
Four amputations were performed. Three were done
because adequate target vessels were detected only
in areas involved with gangrenous changes preclud-
ing bypass. One patient, in whom no target vessels
for bypass were found by means of both DUS and
CA, underwent amputation after operative explo-
ration confirmed occlusion of all distal target vessels.
Two patients with grade II ischemia were treated
nonoperatively. Both were found to have no target
vessels by means of DUSAS and CA and to have
clinical and angiographic evidence of thromboangi-
itis obliterans (Buerger’s disease).
All but 2 patients underwent complete, technical-
ly successful DUSAS. These 2 patients were intolerant
of scanner probe pressure applied near areas of painful
Table IV. Summary of procedures
Procedures Number
Operative management 38
Inflow (n=5)
Aortobifemoral bypass 1
Femorofemoral bypass 1
Iliac percutaneous transluminal angioplasty 1
Common femoral artery endarterectomy/ 2
profundaplasty
Combination inflow/infrainguinal (n=1)
Common femoral artery endarterectomy/ 1
profundaplasty with femoral artery-anterior 
tibial artery
Infrainguinal procedures (n=28)
Femoral artery-below knee popliteal artery 3
Femoral artery-posterior tibial artery 8
Femoral artery-anterior tibial artery 7
Femoral artery-peroneal artery 2
Femoral artery-dorsalis pedis artery 1
Popliteal artery-pedal 4
Percutaneous transluminal angioplasty
Popliteal artery 2
Tibioperoneal trunk 1
Amputations (n=4)
Below-knee amputation 3
Above-knee amputation 1
Non-operative management* 2
*Two undergoing evaluation for bypass were found to have
Buerger’s disease without a distal target.
quet, necessitating a more distal femoral-to-anterior
tibial (AT) bypass (the AT was defined as patent
without stenosis by means of both DUSAS and CA).
Finally, a short segment stenosis in the tibioperoneal
trunk (TPT) was not identified with DUSAS as a
potential vessel for angioplasty; instead a femoral-to-
PT artery bypass was predicted. The PT artery could
not be approached surgically secondary to active
infection in the area. Whereas the PT artery was
graded as patent without stenosis by means of both
DUSAS and CA, angioplasty of the TPT provided
pulsatile perfusion to the foot and aided in the com-
plete healing of a neurotrophic ulcer in this patient,
who had diabetes. 
Four operations were incorrectly predicted by
means of CA. One failure was caused by identifica-
tion of an angiographically patent but unusable AT
artery, necessitating a more distal femoral-to-dorsalis
pedis bypass. In 1 patient, non-visualization of the
profunda femoris arteries (PFA) with CA suggested
the inability to perform an inflow procedure and led
to a prediction of no bypass/amputation. A bilater-
ally patent PFA was correctly identified by means of
DUSAS and subsequent operative exploration, and
the patient underwent successful ABF bypass. As
mentioned above, a diseased POP artery in 1 patient
was incorrectly identified with CA as an adequate
target vessel (as with DUSAS). The inadequacy of
the POP artery for outflow was discovered at explo-
ration, necessitating a more distal femoral-to-AT
bypass (the AT was defined as patent without steno-
sis with both DUSAS and CA). Finally, identification
of an angiographically significant iliac stenosis of
>50% predicted the need for an inflow procedure in
1 patient. This lesion was found to be hemodynam-
ically insignificant by means of intraoperative,
vasodilator-enhanced pressure measurements (and
by means of DUSAS).
Of the 7 incorrect operative predictions made by
means of DUSAS, 6 were correctly predicted by
means of CA. Conversely, of the 4 incorrect opera-
tive predictions made by means of CA, 3 were cor-
rectly predicted by means of DUSAS. 
DISCUSSION
Despite its widespread applicability, the role of
DUS in the evaluation of infrainguinal arterial occlu-
sive disease remains imprecisely defined. Lower
extremity DUS arterial scanning (DUSAS) is per-
formed by interrogating the entire arterial system
(aorta to pedal vessels) of an affected limb using
color-coded duplex ultrasound technology to identi-
fy vessels and Doppler ultrasound to sample velocity
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ischemic ulcerations, thus precluding interrogation of
vessels in those areas. The mean DUSAS procedure
time was 30 minutes (range, 20 to 55 minutes). CA
was successfully performed in all patients. No allergic,
hemorrhagic, or nephrotoxic episodes occurred dur-
ing the study period. Total time in the angiogram
suite was more than 1 hour in all cases.
In comparing the operations predicted by means
of DUSAS and CA with the actual operations per-
formed, 83% of the actual operations were correctly
predicted with DUSAS (95% CI; range, 77% to
89%), and 90% of the actual operations were cor-
rectly predicted with CA (95% CI; range, 81% to
99%). The McNemar test for comparing correlated
proportions determined that the difference between
correct operations predicted by DUSAS and correct
operations predicted by CA was not statistically sig-
nificant (P = .50). Based on these analyses, there was
no significant difference in the ability to predict
operative strategies for patients requiring revascular-
ization for limb-threatening ischemia by means of
DUSAS as compared with CA.
The incorrectly predicted operations based upon
preoperative DUSAS and CA deserve closer interro-
gation; preoperative predictions relative to actual
operations performed can be found in Table III. 
DUSAS incorrectly predicted 7 operations. Two
such predictions were secondary to the inability of
DUS to interrogate the posterior tibial (PT) artery
near painful areas of ulceration because of patient
intolerance. Because any vessel not visualized by
DUS, by definition, was considered occluded, a pre-
diction of “no bypass/amputation” was made on the
basis of DUSAS. In both of these patients, the PT
artery was defined by means of CA as the only
potential target vessel, and both patients underwent
femoral-to-PT bypass. Three of the incorrect opera-
tive predictions made by means of DUSAS were sec-
ondary to normal pulsed Doppler profiles obtained
at the common femoral artery (CFA), whereas on
angiograph there appeared to be hemodynamically
significant lesions in this region. Two CFA
endarterectomies with profundaplasty were per-
formed as solitary inflow procedures in 2 patients
with grade II ischemia, and 1 was performed in con-
junction with femoral-to-AT bypass in a patient with
grade III ischemia. In 1 patient, a diseased popliteal
(POP) artery was incorrectly identified as an ade-
quate target vessel by means of DUSAS (and with
CA). The inadequacy of the POP artery for outflow
was discovered at exploration. The artery was
severely calcified and could not be properly con-
trolled with vascular clamps or pneumatic tourni-
changes in areas of suspected flow disturbance.
DUSAS is noninvasive and derives both anatomic
and hemodynamic information from the vessel
under interrogation. In addition, DUSAS is relative-
ly inexpensive compared with other methods of arte-
rial imaging, and, during our study period, the time
necessary to perform the DUSAS was consistently
less than the time required to perform conventional
arteriography. 
The utility of DUS in defining lower extremity
arterial anatomy and/or obstructive lesions has been
studied extensively. Jager et al.5 and Kohler et al.6
compared duplex with CA for the localization and
classification of hemodynamically significant (‡ 50%)
stenoses and occlusions of the aortoiliac and
femoropopliteal distributions. Using black and
white duplex and Doppler velocity criteria for a 50%
stenosis as a peak systolic velocity (PSV) increase of
‡ 100% relative to proximal sampling, they showed
that agreement between 2 radiologists reading the
same angiogram differed insignificantly from results
obtained by duplex. Indeed, Legemate et al.13 con-
cluded in a similar study that duplex had the poten-
tial to replace aortoiliac and femoropopliteal CA.
The addition of color-flow Doppler to DUS (ie,
DUSAS) has been studied in more recent publica-
tions. Cossman et al.2 performed lower extremity
arterial scanning (in a fashion similar to our protocol)
using color-flow DUS and determined the diagnostic
accuracy of DUSAS relative to CA to be 95% for
occlusions and stenoses ‡ 50%. Moneta et al.3 com-
pared DUSAS of the aortoiliac, femoropopliteal, and
infrageniculate arteries with CA and found that
DUSAS had a sensitivity of >80% and a specificity of
>90% for the prediction of stenoses ‡ 50% at most lev-
els. In addition, they found that more proximal
occlusive disease did not impact the sensitivity or
specificity measurements. This finding was confirmed
in a study by Sensier et al.11 and has been attributed
to Doppler velocity criteria used to determine hemo-
dynamically significant stenoses being indexed to a
more proximal segment of artery. Thus, to a reliable
degree, even if the PSV distal to multilevel disease is
decreased, PSV obtained at a stenosis of ‡ 50% con-
tinues to display a two-fold increase relative to the
already decreased PSV. Although it was not the goal
of our study to report such criteria, we observed a
similar situation in our patients with multilevel 
disease.
In all the comparative studies mentioned above,
and all other such comparative studies, there is an
inherent limitation in defining one of the imaging
modalities as the gold standard. This inevitably makes
the other imaging technique appear second-rate.
Because CA has been widely recognized as the gold
standard in many comparative studies, one must
understand that there are a number of limitations to
CA itself. First, multi-view analysis (AP, oblique, later-
al) of the iliac arteries has a diagnostic accuracy of only
70% when compared with pressure measurements
across areas of stenosis.14 Sumner and Strandness15
showed that CA overestimated significant stenoses of
the iliac arteries in that 30% of patients received no
improvement in hemodynamic parameters after
undergoing aortofemoral bypass of vessels deemed
stenotic by means of CA. Our data supports this in
that CA incorrectly identified a significant iliac lesion,
leading to the prediction that an inflow procedure was
the best operative strategy in 1 patient. This lesion was
found to be hemodynamically insignificant with intra-
operative, vasodilator-enhanced pressure measure-
ments (and with DUSAS). In addition, profunda
femoris artery stenoses may be underestimated in up
to 76% of femoral angiograms.16 In our study, bilater-
al profunda lesions were actually overestimated as
being occluded by means of CA in a patient, thus elim-
inating potential femoral targets for an aortic-based
inflow procedure and leading to a prediction of no
bypass/amputation. At operation, and by means of
DUSAS, the vessels were found to be patent, and an
aortobifemoral bypass was performed. 
Indeed, the gold standard for lower extremity
imaging may not be CA at all, but rather intraoper-
ative angiography (IOA).17 In this regard, the work
of Huber et al.18 is particularly important. Whereas
their study was designed to investigate the utility of
magnetic resonance arteriography in planning
infrainguinal reconstructions, the investigators
found that when compared with IOA, only 79% of
the correct distal target sites used for bypass were
predicted with CA. Although the gold standard in
our study was the actual operation performed and
not IOA, our data would lend credence to this find-
ing, because the correct operation was predicted by
means of CA in only 90% of the procedures.
The basic principles of lower extremity revascu-
larization are to assure adequacy of arterial inflow to
the level of the proximal femoral vessels and to
define a target vessel for distal bypass that, depend-
ing on the constellation of symptoms, provides opti-
mal perfusion of the distal limb. In that regard, this
prospective study was designed to assess the ability
of DUSAS to predict operative strategies for patients
with critical limb-threatening ischemia. Whereas our
study was similar to those described above in that we
used DUSAS to obtain a detailed lower extremity
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arterial map and defined a hemodynamically signifi-
cant stenosis ( ‡ 50%) as one causing a two-fold
increase in PSV relative to more proximal sampling,
the study was not designed to determine the diag-
nostic accuracy of DUSAS for defining precise
degrees of arterial stenoses or for the calculation of
the sensitivity and specificity of DUSAS relative to
CA. Our goal was to define inflow and target vessels
that would satisfy the basic principles required for
limb salvage, as stated above, and to determine if
DUSAS was comparable with CA in doing so.
We found that operative strategies were predict-
ed reliably by means of both DUSAS and CA when
compared with the actual operation performed.
Eighty-three percent of the actual operations were
correctly predicted by means of DUSAS (95% CI;
range, 77% to 89%), and 90% of the actual opera-
tions were correctly predicted by means of CA (95%
CI; range, 81% to 99%). When comparing the oper-
ations correctly predicted by means of DUSAS and
those correctly predicted by means of CA (the
McNemar test), no statistically significant difference
was detected (P = .50). With few exceptions, infrain-
guinal reconstruction strategies were reliably pre-
dicted by means of DUSAS.
The 7 incorrect operative strategies predicted on
the basis of DUSAS (Table III) were caused by sev-
eral factors. First, technical limitations lead to
incomplete DUSAS of all potential target vessels in
2 patients. This is rare, but may be the case in
patients who are intolerant of pain caused by the
application of the scanner head or those in whom
the inability to interrogate vessels in areas of ulcera-
tion exists. Second, the common femoral artery
(CFA) was incorrectly characterized as patent with-
out stenosis in 3 patients. Although no arterial wave-
form abnormalities were detected by means of DUS,
CFA disease predicted on the basis of CA was con-
firmed at exploration, and each patient subsequent-
ly underwent CFA endarterectomy/profundaplasty
at the time of operation, either alone or in combina-
tion with distal bypass. Although one can speculate
that these procedures were unnecessary based on the
DUS hemodynamic data, the operative findings sug-
gested that a CFA procedure was a necessary adjunct
toward limb salvage. Third, a single target artery was
incorrectly characterized by means of DUSAS (and
CA) in 1 patient. An incorrect operative strategy was
thus recorded, because it was predicted by means of
DUSAS that the vessel was suitable for bypass. At
operation this was not the case, and a more distal
bypass was necessary. Finally, the 1 patient undergo-
ing angioplasty of the tibioperoneal trunk was given
an operative prediction of requiring a femoral-to-PT
bypass by means of DUSAS. Although the artery
was patent without stenosis by means of both
DUSAS and CA, this was an incorrect prediction by
the parameters of the study. This was an unusual
treatment and was performed preferentially because
the patient had active infection near the target ves-
sel, thus precluding bypass.
Because operations were predicted incorrectly by
means of DUSAS in 7 instances (17%), several con-
siderations may allow successful performance of limb
salvage procedures based on DUSAS alone.
Foremost is that CA may be beneficial in determin-
ing a target vessel when technical limitations leading
to incomplete DUS interrogation of all potential tar-
get vessels is encountered. Next, the operative plan
based on DUSAS should always include the poten-
tial for a more distal bypass in the event that an inad-
equate vessel is encountered. Overall, however, ves-
sels defined as patent without stenosis by means of
DUSAS are rarely unfit for bypass. And finally, CF
endarterectomy may be necessary when encoun-
tered intraoperatively, even when arterial waveform
analysis is normal.
Several shortcomings of this study bear mention-
ing. The absence of a statistically significant differ-
ence between operations predicted by means of
DUSAS and those predicted by means of CA may be
the result of our limited sample size. Indeed, more
data is needed to establish with greater certainty that
DUSAS and CA are equivalent19 means of predict-
ing operative strategies for patients with limb-threat-
ening ischemia (and that data continues to be accu-
mulated). In addition, the reference with which the
imaging modalities were compared was the actual
operation performed. It has been suggested that
intraoperative angiography performed on potential
target vessels is the standard by which all other imag-
ing studies be judged.17,18 Indeed, the reference
standard may have been biased because the operat-
ing surgeon could not be blinded to the CA results,
thus influencing the actual operation. Also, opera-
tive strategies based on DUSAS and CA were made
by single investigators blinded to the prediction of
one another. Thus, while interobserver errors have
been shown to exist in other studies that compare
these 2 imaging methods,20 such calculations are
not possible in our study.
The flaws of our study not withstanding, the
findings are compelling. The data suggests that
DUSAS is similar to CA as a means of predicting
operative strategies for critical limb-threatening
ischemia. As such, we believe that operations may be
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Dr David S. Sumner (Springfield, Ill). Although
many papers have addressed the issue of the accuracy of
duplex ultrasound scan for the identification and grading
of arterial lesions in the lower extremity, to my knowl-
edge, this is the first study that actually tests the hypoth-
esis that duplex ultrasound scan can be used to plan 
operative strategies in patients with limb-threatening
ischemia. Now that an increasing number of surgeons feel
comfortable performing carotid endarterectomy on the
basis of duplex findings alone, applying the same tech-
niques to the lower extremity would appear to be the next
logical step. But are we ready? Unlike the carotid bifurca-
tion, where the challenge is simply to define the severity
of disease over the distance of a few centimeters, lower-
extremity surveys must include all arteries from the aorta
to the foot and be able to identify suitable inflow and out-
flow vessels—a potentially monumental task. But lower
extremity ischemia? There is one best chance to restore
DISCUSSION
undertaken based on DUSAS findings alone and
that prospective investigation of lower extremity
revascularization based solely upon DUSAS, or with
adjuvant IOA, is warranted. 
CONCLUSIONS
With few exceptions, DUSAS is a reliable means
of predicting revascularization strategies for patients
with limb-threatening ischemia. Technical limita-
tions leading to incomplete DUS interrogation of all
potential target vessels should prompt angiographic
investigation. CF endarterectomy may be necessary
when encountered intraoperatively, even when arte-
rial waveform analysis is normal. Vessels defined as
adequate by means of DUSAS are rarely unfit for
bypass. Prospective investigation of lower extremity
revascularization based solely upon DUSAS, or with
adjuvant IOA, is warranted.
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the circulation; a misjudgment may have disastrous con-
sequences in terms of limb preservation.
The perception that arteriography is a time-honored
goal standard, that it is reasonably safe, and that it provides
a convenient hard copy for future reference explains the
reluctance of surgeons to seek a less-invasive diagnostic
method that is highly dependent on the skill of the tech-
nologist and is presented in a less readily-interpreted format.
As the authors recognize, there are flaws in the design of
their study that may have affected the results. Apparently,
the patients were not consecutive. Was there a selection
bias? Also, the surgeon was always privy to an arteriograph-
ic road map, which may have instilled competence in sever-
al cases clearly influencing the choice of the procedure.
Nonetheless, the rough equivalency of the duplex scan and
arteriographic results is a persuasive argument for further
investigation of duplex scan as the sole method for deter-
mining operative strategies in patients with limb-threaten-
ing ischemia, particularly under certain circumstances.
I would like to ask the authors a few questions. Does
calcification present a problem, and if so, how is it handled?
How about visualization of the peroneal artery? Is it satis-
factory? How does one judge run-off to the foot? When no
vessels that were suitable for distal anastosmosis were dis-
closed, patients were classified as candidates for amputation
because four of the eight limbs in this category were either
managed without surgery or were candidates for femoral
tibial bypass graft. This is an area of some concern. Have
the authors developed an algorithm to identify patients
who should undergo arteriography? What role do they
visualize for magnetic resonance angiography?
I enjoyed this paper and congratulate the authors on
an innovative approach. What is now needed is the com-
mitment to try duplex scan alone without arteriography.
This would better define this role in limitations. I think it
is probably just a matter of time before there is more wide-
spread acceptance of the technique.
I wish to thank the society for the privilege of dis-
cussing this excellent paper. Thank you.
Dr John Ligush, Jr. Dr Sumner raised several ques-
tions. I will try to address them in order.
The question about consecutive patients being
enrolled in the study is true. During that 11-month peri-
od, we did far more than 40 bypass graft procedures. The
reason that the patients were not enrolled in a consecutive
fashion was mainly because of the ability of the vascular
laboratory to get the patient in for this study. It does take
around 30 minutes to perform, and we have an extremely
busy vascular laboratory. That may have been one of the
limitations preventing the enrollment of a larger group of
patients.
The question about calcification is a significant one.
We did not encounter a large number of such patients in
this study, but it can be a significant deterrent or problem
when using duplex ultrasound scan to define an adequate
target vessel. We did not have a great deal of difficulty
identifying peroneal arteries in this series. You will notice
that there are only two femorol peroneal bypass grafts,
but we did perform complete arterial duplex scan studies
on all patients, and the peroneal artery was not difficult
to identify in our patient population. I think that has been
born out in several other studies. In Dr Moneta’s study
several years ago, the peroneal artery was the most diffi-
cult artery to visualize, but that was not the case in our
series.
The question about run-off to the foot is a difficult
one to address, but we did follow the vessels from the tibio
peroneal trunk or from the trifurcation to the foot and
actually retraced that with color flow scan. So, that is how
we define run-off to the pedal vessels.
Dr Sumner mentioned the eight patients who were
listed as no-bypass/amputation. The patients were broken
down into the following: four of those patients underwent
amputation, two of those patients were managed without
surgery, and another two with duplex scan were defined as
no-bypass/amputation secondary to technical limitations
of the study. The patients could not tolerate the scanner
probe being placed in areas of painful ulceration.
As far as the role of magnetic resonance angiography
for the future, I think that Dr Seeger’s group addressed
that with an excellent paper presented at this meeting last
year, and in that regard, I think that study was particular-
ly important in looking at the “goal standard” with which
to judge these tests. I agree with Dr Seeger’s group that
interoperative angiography is probably the gold stan-
dard—not conventional arteriography.
Regarding the prospective study, we are actually
beginning to undertake that at our institution. We think
we have significant and sufficient data to support per-
forming duplex scan arterial surveys on patients and per-
forming the operations solely on the basis of duplex
findings.
